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protein involved in the determination
of floral organ number
in Arabidopsis thaliana
Chiou-Fen Chuang,1 Mark P. Running,1,2 Robert W. Williams, and Elliot M. Meyerowitz3
Division of Biology 156-29, California Institute of Technology, Pasadena, California 91125 USA
Mutations in the PERIANTHIA (PAN) gene of Arabidopsis thaliana specifically transform flowers from
tetramerous to largely pentamerous, which is a characteristic of flowers of ancestral plants. We have cloned
the PAN gene and here we show that it encodes a member of the basic region/leucine zipper class of
transcription factors. Immunohistochemical analysis shows that the encoded protein is present in the apical
meristem, the floral meristem, each whorl of organ primordia, and in ovule primordia during wild-type flower
development. PAN expression occurs independently of genes affecting floral meristem identity, floral
meristem size, or floral organ number. The near absence of a phenotype in transgenic plants overexpressing
PAN and the contrast between the broad expression of PAN and the specificity of its mutant phenotype
suggest that its activity may be regulated post-translationally or by the presence of partner proteins. Based on
these results and on data reported previously, we propose models for the role of PAN in the evolution of
flower pattern in the mustard family.
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Arabidopsis flowers arise initially as undifferentiated
bulges on the flank of the apical meristem. Soon after-
ward, whorls of organ primordia arise sequentially. Four
sepal primordia develop along the edges of the floral me-
ristem, establishing the first whorl. Then four petal and
six stamen primordia initiate in whorls 2 and 3, respec-
tively, followed by development of two carpel primordia
in the center of the floral meristem (Smyth et al. 1990).
A proposed mechanism of floral organ primordium ini-
tiation and formation must account for how a primor-
dium is formed and also when and where on the floral
meristem it develops. The eventual fate of organ primor-
dia is determined by the organ identity genes (Komaki et
al. 1988; Bowman et al. 1989, 1991, 1993; Hill and Lord
1989; Kunst et al. 1989; Irish and Sussex 1990; Jack et al.
1992; Weigel and Meyerowitz 1994); however, the posi-
tion in which they arise (and thus their number) appears
to be established independently (Meyerowitz 1997). How
proper floral organ number is achieved is not well under-
stood.
One way to understand the molecular mechanisms by
which appropriate floral organ number is determined is
to find mutations that affect floral organ number but do
not affect floral organ identity or floral meristem iden-
tity, and then to elucidate the nature and the function of
the corresponding wild-type genes. There are a number
of reports demonstrating the existence of such muta-
tions, including clavata1 (clv1), clavata2 (clv2), clavata3
(clv3), ettin (ett), fasciata1 (fas1), fasciata2 (fas2),
mgoun1 (mgo1), mgoun2 (mgo2), perianthia (pan), revo-
luta (rev), tousled (tsl), and wiggum (wig) (Leyser and
Furner 1992; Clark et al. 1993, 1995, 1997; Roe et al.
1993, 1997; Sessions and Zambryski 1995; Talbert et al.
1995; Running and Meyerowitz 1996; Sessions et al.
1997; Laufs et al. 1998; Kayes and Clark 1998; Running
et al. 1998). In clv1, clv3, and wig mutants, the increase
in organ number is correlated with increased cell num-
ber in the floral meristem (Clark et al. 1993, 1995; Run-
ning et al. 1998). This indicates a mechanism by which
the positions of floral organs depend on spacing: The
organs arise with a fixed distance between them in each
whorl, and more organs arise in whorls containing more
cells (Meyerowitz 1997).
pan was recognized mainly by its extra organ mutant
phenotype and has been well characterized by pheno-
typic and genetic analysis. Flowers of plants mutant for
pan are characterized by an increase in the organ number
of the first two whorls, and a decrease in the organ num-
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ber of the third whorl. Mutant flowers usually have five
sepals with the position of the adaxial sepal as in wild
type, five petals alternate with the sepals, five stamens
alternate with the petals, and two carpels. Unlike the
other mutations mentioned above, mutations in PAN
affect floral organ number specifically, without detect-
able defects in floral meristem cell number or in other
parts of the plant (Running and Meyerowitz 1996).
Thus, PAN seems to affect the spacing mechanism
that determines the relative positions of floral organs
directly (Meyerowitz 1997). Genetic analysis shows that
PAN acts downstream of the floral meristem identity
genes LEAFY (LFY), APETALA1 (AP1), and APETALA2
(AP2), but independently of the floral meristem size
genes CLV1, CLV3, and WIG and the floral organ
identity genes APETALA3 (AP3), PISTILLATA (PI), and
AGAMOUS (AG) in specifying early flower patterning
(Running and Meyerowitz 1996; Running et al. 1998). In
addition, PAN functions redundantly with ETT (Sessions
et al. 1997) and TSL (Roe et al. 1997) in both organ pri-
mordium initiation and gynoecium development.
To gain insight into the molecular mechanisms under-
lying the specification of floral organ patterning in Ara-
bidopsis, we have cloned the PAN gene and determined
its pattern of expression in developing flowers. PAN en-
codes a putative basic region/leucine zipper (bZIP) tran-
scription factor. PAN protein is expressed in the apical
meristem, the floral meristem, and each of the floral or-
gan primordia. After each whorl of floral organs has been
initiated, PAN expression becomes specific to particular
regions in developing petals (the base), stamens (the ad-
axial surface), and carpels (the ovule primordia and ma-
ture ovules). Although PAN requires floral meristem
identity genes for its activity (Running and Meyerowitz
1996), PAN expression is not dependent on these genes.
PAN expression is also independent of the floral me-
ristem size genes and other genes controlling floral organ
number.
Results
Molecular cloning of PAN
We described previously the isolation of the pan-1 and
pan-2 alleles from a screen of T-DNA insertion-muta-
genized lines of ecotype Wassilewskija (Ws) (Fig. 1B;
Feldmann 1992; Running and Meyerowitz 1996). The T3
plants of one line (descended from a single transformed
seed) segregated both pan-1 and the KanR gene associated
with the T-DNA, but tests of T4 plants showed that the
mutant phenotype was unlinked to KanR, suggesting
that the pan-1 mutation was not caused by a T-DNA
insertion. The T3 plants of another line segregated pan-2,
but all plants in this family were also kanamycin resis-
tant. Southern blot hybridization of genomic DNA from
T4 plants, using the T-DNA left and right border se-
quences as probes, revealed the presence of multiple T-
DNA insertions in the genome of pan-2 plants. Homo-
zygous pan-2 plants were backcrossed to wild-type
Landsberg erecta five times, and F2 plants from the fifth
backcross showed cosegregation of the pan-2 phenotype
with a single KanR marker. We made a l genomic library
from a homozygous pan-2 F3 family derived from the
fifth backcross, and screened this library with probes de-
rived from the T-DNA left and right borders. One clone
from this library contained the T-DNA left border and
plant genomic DNA, and another clone contained the
T-DNA right border and plant genomic DNA. Restric-
tion fragments containing both T-DNA and plant DNA
were subcloned and used to probe a flower cDNA library
(Weigel et al. 1992). We isolated a single cDNA (of 1324
bp in length) out of ~ 1 million clones, the sequence of
which corresponded to genomic sequences flanking both
sides of the T-DNA insert. A genomic clone was isolated
by screening a wild-type Arabidopsis genome library, us-
ing the cDNA as a probe. The cDNA was mapped to a
7.2-kb XbaI fragment and a 12-kb PvuII fragment of the
genomic clone (Fig. 2A).
To verify that the cloned sequences encode the PAN
gene, we transformed these two genomic fragments into
pan-1 mutant plants. Flowers from transgenic plants car-
rying either of the PAN genomic fragments are indistin-
guishable from those of wild-type plants (Fig. 1A,C).
These results (and sequencing results discussed below)
demonstrate that the cloned gene corresponds to PAN.
PAN is a bZIP protein with carboxy-terminal
glutamine-rich regions
The 1.3-kb cDNA, which contained a 38 poly(A)+ tail,
identified a 1.7-kb mRNA by RNA blot analysis (data not
shown), suggesting that the cDNA is not full length and
is missing 58 sequences. The transcriptional start site
was identified by rapid amplification of cDNA ends (58
RACE; Frohman et al. 1988). An in-frame stop codon
precedes the first ATG in the longest open reading frame,
Figure 1. (A) Wild-type flower. (B) pan-1
flower. (C) pan-1 flower with a 7.2-kb XbaI
genomic fragment containing the PAN
gene. (A) Wild-type flowers have four se-
pals, four petals, six stamens, and two car-
pels. (B) Most pan mutant flowers have
five sepals, five petals, five stamens, and
two carpels. (C) pan-1 plants carrying the
transgenic wild-type PAN gene produce
flowers indistinguishable from wild type.
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suggesting that the protein coding sequence is complete
(Fig. 2B). The full-length PAN cDNA is 1686 bp and en-
codes a protein of 451 amino acids. Comparison of these
sequences to the GenBank database revealed that the
deduced amino acid sequences were similar to members
of the bZIP class of transcription factors.
Genomic DNA blot analysis suggests the presence of a
single copy of the PAN gene in the Arabidopsis genome
(data not shown). Alignment of the cDNA and genomic
DNA sequences indicated that the PAN gene is com-
posed of 11 exons (Fig. 2A,B). All exon–intron junctions
conform to the GT–AG rule. The intron sizes range from
68 to 96 bp except that the fourth intron is 436 bp, the
exon sizes range from 47 to 330 bp. The basic region and
leucine zipper are encoded by separate small exons, as in
other plant bZIP-encoding genes (Fig. 2B). The PAN pro-
tein also contains two glutamine-rich regions (~ 30% glu-
tamine residues) near the carboxyl terminus: 9/29 gluta-
mine residues at amino acids 333–361 and 6/21 gluta-
mine residues at amino acids 403–423, which may
function as transcriptional activation domains (Figs. 2B,
3; Courey and Tjian 1988).
Sequence of pan mutations
The pan-3 to pan-6 alleles were isolated from a screen for
crabs claw (crc) enhancers in ecotype Landsberg erecta
(Y. Eshed and J.L. Bowman, unpubl.). To identify muta-
tions in the pan alleles and to confirm that we had iden-
tified the PAN gene, we used PCR to amplify genomic
DNA or cDNA from each of the six pan alleles and di-
rectly sequenced these PCR products. The allele pan-1
contains a single base pair insertion at codon 91, which
results in a frameshift at this position (Fig. 2A,B). The
pan-2 allele has a T-DNA insertion in the ninth exon
(Fig. 2A,B), resulting in the deletion of a 23-bp fragment
Figure 2. Genomic structure of the PAN
gene, and sequence of the PAN cDNA. (A)
Structure and restriction map of the PAN
genomic region. The open boxes and solid
boxes represent exons and introns, respec-
tively. The hatched boxes represent the 58
and 38 untranslated regions. The genomic
regions used for complementation of pan
mutant phenotype are indicated below.
ATG and TAA indicate the positions of the
putative translational start and stop codons,
respectively. Mutations in the six pan alle-
les are also shown. Restriction sites are in-
dicated as follows: (B) BamHI; (E) EcoRI; (H)
HindIII; (P) PvuII; (X) XbaI. (B) The cDNA
and deduced amino acid sequence of the
PAN gene. The predicted amino acid se-
quence for the longest open reading frame is
shown directly below the nucleotide se-
quence. Numbers to the right of the se-
quence refer to the positions of nucleotide
and amino acid residues. Triangles indicate
the positions of introns. The basic region is
doubly underlined and the leucines in the
leucine zipper are in bold and underlined.
The glutamine-rich regions are singly un-
derlined. The inframe stop codon preceding
the first methionine is indicated by dots
above the nucleotide sequence. One nucleo-
tide insertion in pan-1 is shown above the
nucleotide sequence. The position of the T-
DNA insertion in pan-2 allele is indicated
by an arrowhead. The pan-3 mutation oc-
curs at the splice donor site of the ninth
intron. The pan-5 allele is mutated in the
splice acceptor site of the eighth intron.
Point mutations resulting in premature
translational stop sites in pan-4 and pan-6
are shown above the nucleotide sequence.
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immediately after the insertion site. The pan-3 allele is a
G fi A substitution at the splice donor site of the ninth
intron (Fig. 2A,B). Sequence analysis of RT–PCR prod-
ucts revealed three improperly spliced forms of pan-3
mRNA, all encoding truncated proteins lacking the glu-
tamine-rich domains. The point mutation found in the
pan-4 allele results in a premature stop codon within the
glutamine-rich domain I and therefore is expected to
eliminate the glutamine-rich domain II. In pan-5, there
is a single nucleotide change (G fi A) at the splice accep-
tor site of the eighth intron and the first nucleotide (G) is
used as an alternative splice acceptor site, resulting in a
frameshift and a premature stop codon after the basic
region and leucine zipper. The allele pan-6 has a prema-
ture stop codon caused by a nucleotide change in the
leucine zipper region. Identification of mutations in
these pan alleles, and complementation of the pan-1 mu-
tant phenotype by the cloned gene confirm that we have
isolated the PAN gene.
Structural similarity between PAN and other plant
bZIP proteins
The basic region/leucine zipper motif and the gluta-
mine-rich regions are highly conserved between PAN
and other plant bZIP proteins, including the Arabidopsis
protein TGA1 (Schindler et al. 1992a), the wheat protein
HBP-1b (Tabata et al. 1991), the maize proteins OBF 3.1
and OBF 3.2 (Foley et al. 1993), and the tobacco protein
TGA1a (Katagiri et al. 1989), all of which have been
shown to interact with the TGACGT/C motif identified
in viral and plant promoters (Fig. 3). These proteins have
100% amino acid identity with PAN within the basic
region, which is responsible for binding DNA. In con-
trast, the DNA-binding domain of PAN is more diver-
gent from the Arabidopsis bZIP proteins GBF1, GBF2,
and GBF3 (Schindler et al. 1992b; Fig. 3), all of which
interact with the G box (CCACGTGG). These G box-
binding proteins contain a leucine zipper consisting of
five or six leucines instead of just three leucines as in
PAN and the TGACGT/C binding proteins (Fig. 3). In
addition, the G-box-binding proteins do not have the glu-
tamine-rich regions.
Expression of PAN RNA and subcellular localization
of PAN protein in the apical meristems
and organ primordia
To investigate the spatial and temporal expression pat-
tern, as well as the subcellular localization of the PAN
Figure 3. Similarity between PAN and other
plant bZIP proteins. (Top) Comparison of the PAN
bZIP regions to other plant bZIP proteins: the
Arabidopsis protein TGA1 (Schindler et al.
1992a), the wheat protein HBP-1b (Tabata et al.
1991), the maize protein OBF 3.1 and OBF 3.2
(Foley et al. 1993), the tobacco protein TGA1a
(Katagiri et al. 1989), and the Arabidopsis proteins
GBF1, GBF2, and GBF3 (Schindler et al. 1992b).
Asterisks (*) indicate leucine residues within the
leucine zipper domain. (Middle) Schematic pre-
sentation of PAN, indicating the positions of the
basic region (BR), the leucine zipper domain (LZ),
and the two glutamine-rich regions (QI and QII).
(Bottom) Sequence alignments within the car-
boxy-terminal glutamine-rich domains of PAN
and the TGACGT/C-binding proteins shown in
the top. Glutamine residues within the gluta-
mine-rich regions of PAN are indicated by dots.
Identical amino acids are shown as shaded boxes.
Numbers to the left refer to the amino acid posi-
tions within individual proteins.
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protein, immunohistochemical analysis using a PAN-
specific polyclonal antibody was performed. During veg-
etative growth, PAN protein is detected first in the shoot
apical meristem of the mature embryo (Fig. 4A) and is
localized to the nucleus (Fig. 4B), consistent with the
indication that PAN is a potential transcription factor.
PAN expression extends from the apical meristem to
young leaf primordia in the seedling (Fig. 4C). After the
transition from vegetative growth to flowering, PAN
protein is expressed at high levels throughout the apical
region of the inflorescence meristem (Fig. 4D,E), and
PAN remains strongly expressed in the floral meristem
in stage 1 and 2 floral buds (Fig. 4D,E; stages as defined in
Smyth et al. 1990). At stage 3, when sepals initiate, PAN
protein is confined to regions of the floral meristem in-
terior to the sepals where further organ initiation events
are taking place (Fig. 4D,E). PAN protein is still detected
in the inner three whorls of organ primordia in late stage
4 and 5 flowers (Fig. 4D,E).
At stage 6, when each whorl of floral organ primordia
has initiated, expression of PAN becomes spatially re-
stricted to specific regions within developing petals, sta-
mens, and carpels. During stages 6–8, PAN is expressed
weakly in the bases of the emerging petal primordia,
Figure 4. Localization of PAN protein and distribution of PAN RNA in wild-type (A–I, K) and pan mutant (J) plants. (A) Section
through the shoot apical meristem (sm) in the mature embryo. Seeds were imbibed at 4°C for 2 days and transferred to constant
fluorescent light at 20°C for 1 day. PAN is highly expressed in the shoot apical meristem (arrowhead). (B) High magnification view of
the cells in the shoot apical meristem shown in A. The arrow indicates that the PAN protein is localized primarily to the nucleus
(arrow). (C) Longitudinal section through a shoot apical meristem of 6-day-old seedling. PAN protein is detected in the shoot apical
meristem (sm) and leaf primordia (lp), but not in the cotyledons (cot). (D,E) Longitudinal section of an inflorescence meristem (im) with
stage 2–5 flowers. PAN protein is detected at high levels throughout the apical region of the inflorescence meristem (arrowhead),
throughout the floral meristem of the stage 2 flower, the central dome of the floral meristem of stage 3–4 flowers, and the inner three
whorls of organ primordia in the stage 5 flower. (se) Sepal. (F) Longitudinal section of stage 6–7 flowers. PAN protein becomes restricted
in the base of petal (p) primordia, the adaxial side of stamen (st) primordia, and the adaxial side of carpel (c) primordia (arrowhead).
Longitudinal section (G) and cross section (H) of a stage 9 flower. PAN protein remains at high levels in the ovule primordia (op). (I)
Cross section of a stage 12 flower. Expression level of PAN protein becomes weaker in the ovule (ov). The PAN protein is not expressed
at levels above background in sections of inflorescences from pan-1 (J) and pan-2 (data not shown). (K) In situ hybridization of a PAN
antisense probe with a longitudinal section of an inflorescence meristem (im) with stage 1–3 flowers. Expression of PAN RNA is
detected throughout the apical region of the inflorescence meristem and throughout the floral meristem of stage 1–2 flowers. Expres-
sion in the stage 3 flower is limited to regions interior to the sepals (se). In the bright field/dark field double exposures, the silver grains
representing PAN expression were made to appear yellow. The number indicated corresponds to the stages of floral development as
described by Smyth et al. (1990). All panels shown at the same magnification. Bar, 20 µm.
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whereas expression is strong in the adaxial half of sta-
mens and the cells lining the central invagination (Fig.
4F). PAN protein is restricted to the ovule primordia and
the parietal placental tissue during stages 9–11 (Fig.
4G,H). Late in floral development, at stage 12, PAN ex-
pression becomes weaker in ovules and placenta (Fig. 4I).
By contrast, only low background is detected in control
experiments using the preimmune serum as the primary
antibody (data not shown). PAN is not detected in roots,
stems, and leaves (data not shown). The PAN protein is
not detected above background in pan-1 (Fig. 4J) and
pan-2 (data not shown) mutants, suggesting that these
are null or severe reduction-of-function alleles, and dem-
onstrating the specificity of the antibody.
In situ hybridization experiments showed that PAN
RNA is present in the inflorescence meristem, the floral
meristem (Fig. 4K), and in developing petals, stamens,
and carpels (data not shown) in the same spatial and
temporal pattern as that of PAN protein.
Localization of PAN in lfy, ap1, and ap2 mutants
Double-mutant analyses demonstrate that the floral or-
gan identity mutants lfy, ap1, and ap2 are epistatic to
pan, suggesting that PAN acts downstream of these
genes (Running and Meyerowitz 1996). To determine
whether PAN expression is regulated by these upstream
genes, we analyzed the expression of PAN protein in lfy,
ap1, and ap2 mutant flowers.
Mutations in the LFY gene cause partial transforma-
tion of flowers into inflorescence shoots (Weigel et al.
1992). Secondary flowers occasionally arise from the ax-
ils of the outer organs in strong lfy flowers. In lfy-6 mu-
tants, PAN protein localization is largely normal in the
inflorescence meristem and the floral primordia of pri-
mary (Fig. 5A) and secondary flowers (Fig. 5B).
Similarly to lfy, mutations in AP1 result in the devel-
opment of secondary flowers in the axils of the first
whorl organs, indicating a partial conversion of a floral
meristem into an inflorescence meristem (Irish and Sus-
sex 1990). In ap1-1 mutants, PAN expression is largely
normal in the mutant inflorescence meristem, abnormal
floral primordia (Fig. 5C), and ovule primordia (Fig. 5D).
In addition, PAN is also expressed in the secondary floral
buds (Fig. 5E).
Mutations in AP2 usually cause homeotic transforma-
tion of floral organs in the first and second whorls. In
strong ap2 mutants, sepals are transformed into carpels,
petal development is suppressed, and stamens are re-
duced in number (Bowman et al. 1991). In ap2-2 mu-
tants, PAN expression is largely normal in the inflores-
cence meristem, young floral primordia (Fig. 5F), and
ovule primordia in the fourth whorl carpels (Fig. 5F,G).
PAN is also expressed in the ovule-bearing carpels in the
first whorl (Fig. 5F,G), indicating that PAN expression in
the carpels is cell-type specific, and not whorl specific.
We conclude from these results that the spatial and
temporal expression pattern, as well as the expression
level of PAN protein are largely normal in lfy, ap1, and
ap2 mutants, suggesting that LFY, AP1, and AP2 protein
functions are not required for PAN expression during
flower development.
Expression of PAN in clv1-4, clv3-2, ett-3, wig-1,
and tsl-1
To determine whether PAN expression patterns are al-
tered in other mutants with abnormal floral organ num-
ber but with normal floral organ identity, we examined
the PAN protein level in mutant flowers. Mutations in
CLV1, CLV3, ETT, and WIG increase organ number
within the flower, whereas mutations in TSL decrease
organ number (Clark et al. 1993, 1995, 1997; Roe et al.
1993, 1997; Sessions and Zambryski 1995; Sessions et al.
Figure 5. Expression of the PAN protein in
lfy, ap1, and ap2 mutants. (A–B) lfy-6. (A)
PAN protein is expressed in the inflores-
cence meristem (im) and the center of ab-
normal young flowers. The stages of flowers
(3 and 4) and the floral bud (f) in the axil of
the bract (b) are indicated. (B) PAN protein
is detected in the secondary floral buds (sf)
in the axils of the first-whorl organs (1w) of
an old lfy-6 flower. (g) Gynoecium. (C–E)
ap1-1. (C) Early expression in the inflores-
cence meristem (im) and in the stage 2, 3,
and 6 floral buds is normal (compared with
Figs. 4D–F). (st) Stamen. (D) PAN protein is
expressed normally in the ovule primordia
(op) at stage 9 flowers (cf. with Fig. 4G). (c)
Carpel. (E) Secondary floral buds (sf) in the
axil of the first-whorl organs (1w) show PAN protein expression at levels comparable to the early flower primordia arising on the
inflorescence apex (Figs. 4D,E). (F–G) ap2-2. PAN protein expression is largely normal in the inflorescence meristem (im) and young
floral buds (stage 2–4). At later stages, PAN protein is detected in the ovule primordia (arrowhead) in both of the first-whorl carpels
(1c) and the central gyneocium (g). The number indicated corresponds to the developmental stage of each flower (Smyth et al. 1990).
Bar, 20 µm.
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1997; Running et al. 1998). Plants carrying a mutation in
either of the CLV1 or CLV3 genes also produce flowers
with additional whorls of carpels in the center of flowers.
PAN protein is expressed normally in the inflorescence
meristem and the floral meristem in these mutants (Fig.
6A,C–F). In addition, PAN is also expressed in the fifth
whorl of clv1-4 (Fig. 6B) and clv3-2 flowers (data not
shown).
Ectopic expression of PAN
To examine the effect of ectopic PAN expression on
flower development, we constructed transgenic lines
that constitutively express PAN. To select a functional
transgene, the PAN cDNA driven by the constitutive
35S promoter from cauliflower mosaic virus was trans-
formed into pan-1 plants and the rescued plants were
crossed to wild-type plants. The resultant F2 plants that
contained the 35S::PAN transgene, but did not contain
the pan-1 allele, were analyzed.
Western blot analysis of plant proteins from flower
tissues showed that the expression of PAN protein was
increased in 35::PAN flowers compared to wild-type
(data not shown). Immunolocalization assays on sections
of flower tissues further demonstrated that the PAN pro-
tein was expressed uniformly throughout the flower in
the 35S::PAN transgenic plants (data not shown). The
35S::PAN transgene, which can rescue the mutant phe-
notype in pan-1 plants, does not cause any noticeable
phenotype with respect to floral organ number in wild-
type plants (data not shown).
Discussion
Arabidopsis flowers consist of four concentric whorls of
organs. Most wild-type flowers have four sepals, four pet-
als, six stamens, and two fused carpels, from the outer-
most first whorl to the innermost fourth whorl. Whereas
much is known about the establishment of floral organ
identity, less is known about how the proper number of
floral organs is achieved. Recently we identified one mu-
tant, pan, specifically affecting floral organ number
(Running and Meyerowitz 1996). Here we describe the
isolation of the PAN gene. Two lines of evidence dem-
onstrate that we have cloned the PAN gene: (1) Muta-
tions were found in the six pan alleles. (2) Two different
genome fragments containing the cloned gene can
complement the pan mutant phenotype.
PAN encodes a bZIP protein
PAN shares homology with members of the bZIP class of
transcription factors. The basic region is implicated in
DNA binding and the leucine zipper mediates homo- and
heterodimerization. Several plant bZIP proteins have
been shown to bind the ACGT cis-acting element iden-
tified in the promoters of bacterial, viral, and plant genes
(Mikami et al. 1987; Giuliano et al. 1988; Bouchez et al.
1989; Lam et al. 1989; Schindler et al. 1992a, 1992b).
Based on their DNA-binding specificity and het-
erodimerization characteristics, these plant bZIP pro-
teins can be classified into at least two classes: the G box
(CCACGTGG)-binding factor (GBF) family and the
TGACGT/C-binding proteins (Schindler et al. 1992a;
Foster et al. 1994). Proteins from each class are also dis-
tinct in their overall protein structure. Members of the
GBF family are characterized by an amino-terminal pro-
line-rich region and a bZIP region at the carboxyl termi-
nus (Schindler et al. 1992b). In contrast, proteins of the
second class, including the Arabidopsis protein TGA1
(Schindler et al. 1992a), the tobacco protein TGA1a
(Katagiri et al. 1989), the wheat protein HBP-1b (Tabata
et al. 1991), the maize proteins OBF 3.1 and OBF 3.2
(Foley et al. 1993), contain an amino-terminal bZIP do-
main and a carboxyl terminus enriched in glutamine and
acidic amino acids. Sequence alignment analysis re-
vealed that PAN is more similar to members of the sec-
ond class of bZIP proteins than it is to members of the
GBF family (Fig. 3). However, there is an 118 amino acid
domain at the amino terminus of PAN that shows no
similarity to previously cloned genes.
PAN expression pattern is correlated with floral
organ initiation
Immunohistochemical analysis revealed that PAN pro-
tein is localized in both floral tissues and vegetative tis-
sues including the apical meristems during vegetative
Figure 6. Expression of PAN protein in
clv1-4, clv3-2, ett-3, wig-1, and tsl-1 mu-
tants. (A–B) clv1-4. PAN is expressed in the
inflorescence meristem (im), the floral me-
ristem (fm, A), and the fifth-whorl (5w) of
clv1-4 flowers (B). PAN protein expression
is normal in the inflorescence meristem
and the floral meristem in clv3-2 (C), ett-3
(D), wig-1 (E), and tsl-1 (F) flowers. (se) Se-
pal; (p) petal; (st) stamen; (c) carpel. The
number indicated corresponds to the devel-
opmental stage of each flower (Smyth et al.
1990). Bar, 20 µm.
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and reproductive growth, the young leaf primordia, four
whorls of floral organ primordia, and developing petals,
stamens, and ovules. In situ hybridization showed the
same spatial and temporal pattern as that of PAN pro-
tein.
Mutations in the PAN gene only affect the floral organ
number in the first three whorls. However, expression
domains of PAN protein in wild-type plants are not re-
stricted to the tissues which are affected in pan flowers.
There are two possibilities to explain why some tissues
expressing PAN are not affected in pan plants. PAN may
be functionally redundant with other factors in some
tissues, or PAN does not participate in vegetative growth
and apical meristem development. PAN expression in
the gynoecium may explain a delay in carpel fusion in
some pan flowers (Running and Meyerowitz 1996), and
is consistent with the previous findings that PAN func-
tions redundantly with TSL (Roe et al. 1997), ETT (Ses-
sions et al. 1997), and CRC (Y. Eshed and J. L. Bowman,
unpubl.) in gynoecium development.
The PAN protein expression pattern is largely normal
in mutants affected in meristem identity (LFY, AP1, and
AP2), and in organ number without changes in organ
identity (CLV1, CLV3, ETT, WIG, and TSL). We con-
clude from these results that the activity of these genes
is not required for PAN expression.
Implications from PAN ectopic expression
Overexpression of PAN can rescue the phenotype of pan
mutant plants but does not confer any phenotype in
wild-type plants. This result suggests the existence of
spatially and/or quantitatively limited factors that
modulate PAN protein activity, or heterodimerize with
PAN; thus, overexpression of PAN alone is not enough
to cause a dominant phenotype. PAN functions down-
stream of the meristem identity genes LFY, AP1, and
AP2. However, PAN expression is not altered in lfy, ap1,
and ap2 mutants and PAN is expressed in a wider do-
main than LFY and AP1. Therefore, LFY, AP1, and AP2
may activate a spatially limited partner of PAN.
It is possible that the activity of PAN is regulated post-
translationally. Much evidence suggests that phosphory-
lation of transcription factors can affect their DNA-bind-
ing properties (Prywes et al. 1988; Yamamoto et al.
1988), or their ability to activate transcription in animal
systems (Cherry et al. 1988; Tanaka and Herr 1990;
Weiss et al. 1991). In plants, it has been shown that the
phosphorylation of an Arabidopsis leucine zipper pro-
tein, GBF1, by casein kinase II from broccoli stimulates
its binding to the specific DNA site (Klimczak et al.
1992). Western blot analysis revealed the existence of
two forms of PAN protein (data not shown). One may
represent a phosphorylated form of PAN, supporting this
hypothesis. It is also possible that PAN needs to function
with other factors in a complex. Protein/DNA-binding
studies using cotranslated bZIP templates have shown
that Arabidopsis proteins GBF1,2,3 (Schindler et al.
1992b), maize proteins OPH1 and Opaque2 (Pysh et al.
1993), and parsley proteins CPRF1, 2, 3 (Armstrong et al.
1992) were able to form heterodimers.
Possible models for PAN in regulation of floral
organ number
By analogy to a morphogen theory of leaf primordium
positioning, the position in which the floral organ pri-
mordia arise could be controlled by inhibitory and pro-
moting types of mechanisms. In this model, an inhibitor
of adjacent organ inception is produced at the position of
initiation of each organ. The inhibitor decreases in effec-
tiveness with increasing age of the primordium, meaning
that the inhibitor decays with time. New organ primor-
dia will arise at concentration minima in the inhibitory
field. However, different floral whorls seem to have a
promoting rather than an inhibitory effect on each oth-
er’s positioning (Lyndon 1990).
Flowers of the family Brassicaceae (mustards), includ-
ing Arabidopsis, are tetramerous. Interestingly, flowers
of pan mutant plants become pentamerous, which is
characteristic of flowers of ancestral plants such as
members of the family Capparaceae (Meyerowitz et al.
1997). This suggests that PAN may be involved in the
switch from pentamerous to tetramerous flowers during
the evolution of flower form in the mustard family (Fig.
7A). We propose that the tetramerous flower of the mus-
tard family was established by introducing the PAN gene
into the pre-existing inhibitory pathway mentioned
above.
We propose three possible ways by which PAN may
participate in the inhibitory pathway to control floral
organ patterning. First, PAN might facilitate inhibitor
diffusion, thereby allowing the inhibitor to spread more
widely (Fig. 7B), thus, the second organ primordium in
the first or second whorl can form at the position oppo-
site of the first one (Fig. 7A, right). The inhibitory fields
created by the first and the second primordia combine to
determine the position of lateral primordia. When PAN
activity is reduced or eliminated, the inhibitor reaches a
concentration that allows organ formation at a position
closer to the first primordium because of reduced con-
centration and normal decay (Fig. 7B), resulting in two
primordia formed in the first inhibitory field (Fig. 7A,
left). Similarly, the first three inhibitory fields combine
to determine the positioning of the remaining organs
(Fig. 7A, left). Second, PAN could enhance reception of
the inhibitor. In this scenario, loss of PAN activity de-
creases the sensitivity of cells to the inhibitor, allowing
primordia to form at a higher inhibitor concentration
and thus narrower spacing of organ primordia (Fig. 7A,C).
Third, PAN might activate inhibitor production, indi-
rectly leading to its wider diffusion (Fig. 7A,D).
Expression of PAN throughout the floral meristem
supports the first and second models in which PAN func-
tions in the whole meristem to regulate its response to
the inhibitor. However, we cannot rule out the possibil-
ity that PAN could interact with spatially limited factors
to regulate localized expression of the diffusible inhibi-
tor. In any case, introduction of PAN activity to the mor-
PAN patterns Arabidopsis flower form
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phogen model leads to a wider spacing of organ primor-
dia and thus fewer organs in the first two whorls. The
increase in organ number in the third whorl is perhaps
explained by duplication of the medial stamens, result-
ing in six instead of four third-whorl organs (Bowman
1994). Loss of PAN function would cause a flower form
similar to that of ancestral plants. Future experiments
expressing PAN in relatives of ancestral plants should
help to test these models.
Materials and methods
Cloning of PAN
Genomic DNA was isolated from the five times-backcrossed
pan-2 line, partially digested with Sau3AI, then partially filled
in and ligated to XhoI half-site arms of l GEM11 (Promega), and
packaged in vitro. The library was then screened using the T-
DNA left and right borders as probes.
We screened ~ 1 × 106 clones of an Arabidopsis flower cDNA
library in lZAPII made from wild-type Landsberg erecta ecotype
with mixed probes containing left and right border T-DNA and
the flanking plant genomic DNA. We isolated a single clone,
which was converted to a plasmid by in vivo excision according
to manufacturer’s instructions (Stratagene). Remaining se-
quences (residues 1–556) of the full-length PAN cDNA were
determined by 58 RACE System (BRL) using total RNA from
floral buds of Wassilewskija ecotype. A l phage genomic library
made from wild-type Columbia ecotype of Arabidopsis (Hua et
al. 1995) was screened at high stringency (65°C hybridization
and a final wash with 0.1× SSPE) with a 1353 bp PCR fragment
(residues 174–1526) of PAN cDNA as a probe.
DNA sequencing
The cDNA and genomic DNA fragments were subcloned into
pBluescript SK(+) (Stratagene), pGEM3Zf(+) (Promega) and
pUC19 vectors for sequencing. Sequencing was done using the
Sequenase Kit (U.S. Biochemical) or the dye terminator cycle
sequencing kit (Perkin-Elmer Co.) according to the protocols
provided. Both strands were sequenced.
Growth of plants
Plants were grown in a 4:3:2 or 1:1:1 mixture of soil:vermicu-
lite:perlite in 3 × 5-in pots placed in plastic trays, imbibed at
4°C for 4 days, then maintained at 20°C beneath 600 foot
candles of constant cool-white fluorescent light. Plants were
fertilized at regular intervals.
Complementation constructs and Agrobacterium-
mediated transformation
The 7.2-kb XbaI and 12-kb PvuII genomic fragments, which
contain the PAN gene, were subcloned into the BamHI site of
the T-DNA expression vector pDHB321.1. These T-DNA con-
structs were transformed into the Agrobacterium strain
C58C1(pMP90). Agrobacterium carrying either of the PAN ge-
nomic fragments was then used to transform plants by vacuum
infiltration (Bechtold et al. 1993). Transformants were selected
by sowing seeds on sand subirrigated with water containing 7.5
mg/l of Basta herbicide. Basta-resistant plants were then trans-
ferred to soil.
Production of PAN-specific polyclonal antiserum
The PAN protein was translationally fused to a series of six
histidine residues, which allows simple purification of recom-
binant proteins by immobilized metal affinity chromatography
(Hochuli et al. 1987). To make this construct, PAN cDNA en-
coding the full-length PAN protein was cloned into the expres-
sion vector pRSETA (Invitrogen) using BamHI and KpnI restric-
tion sites. This plasmid was transformed into Escherichia coli
strain BLR(DE3), and upon induction with 0.8 mM IPTG for 3 hr
at 37°C, significant levels of PAN fusion protein were produced.
The protein was partially purified using the Ni-NTA resin (QIA-
GEN), and used to immunize rabbits. The titer of antiserum was
determined by Western blot analysis. The specificity of the an-
tibody was demonstrated by control experiments that showed
no immunolocalization signal in pan-1 and pan-2 mutants.
Immunolocalization
Tissue was fixed in 1× PBS containing 4% paraformaldehyde,
0.1% Triton-X-100, and 0.1% Tween-20 at 4°C overnight. Fixed
Figure 7. Possible models for PAN in regulating floral organ
number. We postulate that there is an inhibitory mechanism
controlling the relative positions of first and second whorl floral
organ primordia in ancestral plants (i.e., Capparaceae) of the
mustard family (i.e., Arabidopsis) and PAN participates in the
pre-existing inhibitory pathway to establish tetramerous flow-
ers in the mustard family. (A) Introduction of PAN into the
morphogen pathway leads to more distant spacing of organ pri-
mordia and thus fewer organs. When PAN activity is reduced or
eliminated (pan), plants produce flowers with a pattern resem-
bling the ancestral flower form. (B–D) The inhibitor concentra-
tion [I] is plotted as function of distance. The diffusing inhibitor
decays with time and thus distance. P1, the first primordium.
(j) pan; (h) PAN. (B) PAN might facilitate inhibitor diffusion or
persistence to allow the inhibitor to spread more widely, result-
ing in the formation of the second primordium (P2) at a more
distant position than in pan (P28). (C) PAN might enhance in-
hibitor reception, leading to formation of the next primordium
at a lower inhibitor concentration than in pan. (D) PAN might
increase inhibitor production, indirectly leading to its wider
diffusion. (se) Sepal; (pe) petal; (st) stamen; (ca) carpel; (solid
ovals) inflorescence meristem; (h) and (j) the lowest concen-
tration in the inhibitory field allowing the new primordium to
arise in PAN and pan floral meristems, respectively.
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tissue was dehydrated with ethanol, cleared with histoclear
(National Diagnotics), embedded in paraffin (Paraplast Plus),
and sectioned at 8 µm. Antibody reactions and staining were
done using the Blocking kit, the VECTASTAIN Elite ABC kit
and the DAB substrate kit (Vector Laboratories) according to the
protocols provided.
In situ hybridization
A 306-bp fragment of the PAN cDNA (bases 190–495), which
contained sequences not closely homologous to previously re-
ported sequences on database searches, was amplified by PCR
and cloned into the TA cloning vector (Invitrogen). In vitro tran-
scription and 35S labeling of probes was performed using the
Promega Riboprobe kit, with template linearized by BamHI and
transcribed by T7 polymerase (sense probe), or linearized by
EcoRV and transcribed by SP6 polymerase (antisense probe). In
situ hybridization was performed as described by Drews et al.
(1991), with modifications by Sakai et al. (1995). Tissue was
sectioned at 5.5 µm thickness. Exposure time was 5–7 weeks.
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